Abstract -We have investigated the electronic structure of graphite oxide using X-ray absorption spectroscopy at the carbon and oxygen K-edges. The unoccupied π * and σ * states associated with sp 2 hybridization in graphite, are also apparent in the graphite oxide, which indicates that it has a graphitic structure even though it experiences oxidation and annealing. Additional electronic states of the graphite oxide which are not present in its precursor, graphite, are ascribed to the functional groups such as epoxide, carboxyl, and hydroxyl groups.
Graphite oxide (GO) is an interesting material because, unlike graphite, it is soluble in water which allows it to be easily exfoliated layer by layer to create graphene oxide [1, 2] . The graphene oxide can be reduced to create graphene using chemical or physical methods. The use of GO in the creation of graphene has potential in applications such as transparent conducting films (TCF), flexible displays, and field-effect transistors (FET) [3] [4] [5] [6] . GO can also be used as an electrode in applications such as batteries and supercapacitors because it has an expanded interlayer distance, allowing ions to more easily intercalate [7, 8] . Studies of the fundamental electronic and structural properties of graphite oxide are essential for understanding its possible applications.
The structural properties of graphite oxides have been investigated since 1860 [9] . A considerable amount of hydrogen and oxygen atoms are incorporated into graphite during oxidation and form various functional groups. The most prominent structural transformation that occurs in the creation of this oxide is the expansion of the interlayer distance between graphene layers by up to ∼10Å. Several structural models have been suggested with the assistance of theoretical predictions [10] [11] [12] [13] [14] [15] , but remain controversial. Identification of the functional groups and their relative compositions has been an active area of research. While many experimental and theoretical results predicted severely corrugated graphene layers with a large interlayer (a) E-mail: outron@gmail.com (b) E-mail: leeyoung@skku.edu distance associated with the hydroxyl, carbonyl, 1,2-ether, 1,3-ether, and carboxyl groups [10] [11] [12] [13] 15] , a recent comprehensive study demonstrated the perfect hexagonal structure and AB stacking order seen in graphite. This was confirmed by electron diffraction patterns seen using a transmission electron microscope (TEM) [16] . The perfect hexagonal structure and AB stacking order of the graphite oxide are necessary characteristics for its potential use in graphene applications. Some of the structural properties of graphite oxide are understood and associated with their electronic structures. Nevertheless, the electronic structures of graphite oxide are still unknown.
Since graphite oxide is an insulator, the typical photoemission and inverse photoemission spectroscopy methods used to obtain electronic structures are not feasible. An alternative method is to use X-ray absorption spectroscopy (XAS), which is particularly good at identifying functional groups. In this report, the unoccupied electronic states of the graphite oxide are investigated using XAS. Several peaks from the C 1s and O 1s XAS spectra are identified as the origin of functional groups such as epoxide, carboxyl, and hydroxyl groups.
Graphite oxide was synthesized from pure graphite (99.999% purity, 200 mesh, Alfar Aesar) using a modified Brodie's method [9] . Graphite (1 g), fuming nitric acid (20 ml), and sodium chloride oxide (8.5 g) were mixed together at room temperature without subsequent aging. The mixture was stirred for 24 hours, then washed, filtrated, and cleaned as described by Brodie [9] . The dried mixture was then annealed at 200
• C for 1 hour in a 100 sccm Ar environment to remove unnecessary moisture. The chamber pressure prior to sample loading was 1 mTorr, and the pressure of the Ar gas was 550 mTorr during annealing. The heating rate was 50
• C per minute starting from room temperature, and the graphite oxide was cooled at the same rate. Graphite oxide (GO) was studied along with its precursor, graphite (PG), which was included as a reference in this report.
Powder X-ray diffraction (D8 FOCUS 2.2 kW, Bruker AXS, Germany) with a Cu anode (1.54Å) was used to investigate the average interlayer distance in the GO. Fourier transform infrared spectroscopy (FTIR) was used to identify the functional groups attached to the carbon basal plane. The samples were mixed with KBr then finely ground to make a pellet for the FTIR (Bruker IFS-66/S) experiment. The chemical bonding of carbon was investigated using X-ray photoemission spectroscopy (XPS) (ESCA2000 from VG Microtech in England) at room temperature. The peak positions of the XPS were adjusted carefully with respect to the Au 4f peak because of the insulating character of GO. The Au substrate was connected to the GO sample electrically. The XAS experiments were performed at the 2A undulator beamline at the Pohang Accelerator Laboratory (PAL) in Korea. Resolving power of the beamline ranges from 5000 to 10000, and its energy resolution is ∼100 meV with a beam size of 1 mm × 0.2 mm. The powdered samples were carefully pressed at a pressure of 8-10 tons to make the pellet; the samples were then mounted on an oxygenfree copper sample holder with a conducting silver epoxy resin. The data were collected in the total electron yield mode by recording the sample current to ground, and were normalized to the beam current by a grid located upstream of the beamline. Reference spectra measurements were taken on highly oriented pyrolytic graphite (HOPG) and the precursor graphite (PG). All data were collected at 210 K at a base pressure of 10 −10 Torr. Figure 1 shows the properties of graphite oxide which can be found elsewhere with our batch samples [16] . The interlayer distance of the precursor graphite was 3.35 ± 0.015Å as indicated by the (002) peak near 26
• in fig. 1a . Once oxidized from the precursor graphite, the (002) peak shifted to a lower angle and the interlayer distance of the graphite oxide increased to 7.06 ± 0.30Å. The small bump near 18
• indicates that the graphite oxide is not completely oxidized. The presence of functional groups in the GO can be confirmed by the FTIR spectra. The spectra around 3442 cm −1 in fig. 1b can be assigned to O-H stretching vibrations in the water and hydroxyl groups in the GO (H1 and W1 refer to the hydroxyl groups from the 67004-p2 [17] . Chemical bonding between the functional groups and the carbon atoms were investigated using XPS. Figure 1c, d shows the XPS C 1s spectra of the PG and GO samples. Figure 1c shows the sp 2 hybridized C 1s peak attributed to the PG at 284.7 eV with a well-known asymmetric line shape and a plasmon peak near 291 eV [18] [19] [20] [21] [22] [23] . No oxygen contamination in the PG from the O 1s XPS (inset of fig. 4 ) was found. The C 1s spectra for the GO were added as a dotted line in fig. 1c for easy comparison, and deconvoluted into four peaks in fig. 1d . After oxidation, the additional peaks developed and were identified as hydroxyl, epoxide (1,2-ether), and carboxyl groups attached to the carbon atom in the GO (fig. 1d) . The four deconvoluted peaks are summarized in table 1 which lists the binding energies and the relative area percentages in parentheses. The insets in fig. 1c and d show the degrees of dispersion of the PG and GO in water, which differ considerably after only an hour of sonication. After three months, the GO was still well dispersed in water, as seen in fig. 1d . The final schematic model of the synthesized graphite oxide is based on the XPS and FTIR results as well as on our previous studies [16] , and can be seen in fig. 2 . The epoxide (1,2-ether oxygen) are located on the aromatic carbon atoms, and the hydroxyl groups are distributed randomly throughout the carbon basal plane. The carboxyl groups are likely located at the edges of the GO flakes [16] . This assumption is based on the similarity in peak intensities (CX) of the carboxyl groups with those seen in the PG in fig. 1b . Figure 3 shows the XAS of PG, HOPG (as a reference), and GO at the C K-edge. The spectra were normalized first by the intensity at 280 eV, and then again by the maximum intensity of each spectrum so that each spectral line ranges from 0 to 1 for easy comparison. The unoccupied π * and σ * states that are clearly seen in the PG [24] and HOPG [25] are also visible in the GO. This indicates that the GO retains sp 2 -like hexagonal structures in spite of the presence of oxygen atoms after oxidation. This is consistent with previous results in which electron diffraction studies of GOs have shown a hexagonal structure with AB stacking order [16] . In addition to the π * and σ * states, three other peaks, denoted A, B, and C, are identified in fig. 3 . Peak A at 286.7 eV can be assigned to π * (C-OH), since the phenol, phthalic acid, and pyrocatechol are present in the π * (C-OH) states at 286.5 eV [26, 27] . Peak C at 288.9 eV shows the π * (C=O) state of COOH, as observed elsewhere [28] . However, the origin of peak B is unclear due to a lack of the reference-XAS data taken directly from the epoxide. Since the XPS data from the GO indicate the presence of an epoxide bonded to a carbon atom with a binding energy of 287.2 eV (see table 1), peak B near 287.2 eV can be assigned to an epoxide. To our knowledge, this is the first XAS measurement of the epoxide at the C K-edge.
The XAS data for the GO at the oxygen K-edge are presented in fig. 4 . Three clear peaks (A, C, and D) and one shoulder peak (B) are observed. Peak A at 531.2 eV may be the π * state of C=O, originating from the COOH [29] . Peak C at 535.4 eV and peak D at 539.7 eV are assigned to the σ * states of O-H and C-O from the hydroxyl groups [26, 30] . These observations are consistent with the XPS and FTIR results. However, the origin of shoulder B near 533.6 eV is not clear. One possible assignment is to the π * state of C-O from the epoxide. It has been reported that a similar O K -edge peak at 533.6 eV and a C K-edge peak near 287.2 eV is observed when CO is adsorbed onto various metals [31] . Since the C K-edge near 287.2 eV is identified as an epoxide peak in our XPS data (table 1), this supports our assignment of shoulder B to the epoxide. The C=O related peaks near 542.7 and 554.0 eV from the carbonyl group bonded to an aromatic ring [26] were not observed in the O K-edge. This is in contrast to a previous report [15] . We emphasize that the O 1s XAS is very sensitive to the existence of functional groups and reveals distinctive peaks when compared to the broad peak of the O 1s XPS, as demonstrated in our work (inset in fig. 4 ).
In summary, we have investigated X-ray absorption spectra of GO at the C and O K-edges for the first time. The graphitic-layered structures exist in the GO as confirmed by the C 1s XAS. Other unoccupied states developed by the hydroxyl and carboxyl functional groups in the GO were also confirmed and assigned using both C and O K-edges XAS. In addition, we found that no carbonyl (C=O) group bonded directly to the aromatic carbon ring. We demonstrated that the XAS is particularly sensitive to the existence of functional groups and can be applied to the thorough analysis of various functionalized materials. * * * This work was supported by the STAR faculty project in Ministry of Education, and by KOSEF through the CNNC at SKKU. HJN is supported by the post-BK21 program at CNU. Experiments at the PLS were supported by POSTECH and MOST.
